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:LWK WKH FRQWLQXRXV LPSURYHPHQW RI FRPSRVLWH PDWHULDOV
SURSHUWLHV PDWHULDO PDFKLQLQJ WHFKQRORJLHV DUH LQFUHDVLQJO\
KLJK UHTXLUHPHQWV'XH WR WKH VSHFLDOPHFKDQLFDO SURSHUWLHV
RI WKH FRPSRVLWH PDWHULDOV UHVXOWLQJ LQ SRRU FXWWLQJ
SHUIRUPDQFH,WFDQHDVLO\FDXVHODUJHSODVWLFGHIRUPDWLRQDQG
SURFHVVLQJ GHIHFWV GXULQJ WKH SURFHVVLQJ VXFK DV
GHODPLQDWLRQ EXUUV HWF /HDG WR VHULRXV WRRO ZHDU DIIHFWLQJ
PDFKLQLQJ SUHFLVLRQ DQG HIILFLHQF\ 8VLQJ ILQLWH HOHPHQW
VLPXODWLRQPHWKRGFDQREVHUYHWKHSK\VLFDOSKHQRPHQDLQWKH
SURFHVVWRVLPXODWHDFWXDOV\VWHPE\SK\VLFDORUPDWKHPDWLFDO
PRGHOV5HDOL]HGWKHYLVXDOL]DWLRQRISDUDPHWHUVYDOXHLWFDQ
DOVR EH XVHG WR SUHGLFW WKH VXUIDFH GHIHFWV LQ PDWHULDOV
SURFHVVLQJJXLGHWKHWRROGHVLJQDQGSDUDPHWHUVRSWLPL]DWLRQ
DQG RSWLPL]H WKH FXWWLQJ SURFHVV SDUDPHWHUV DQG VR RQ
7KHUHIRUHWKHDSSOLFDWLRQRIILQLWHHOHPHQWWHFKQLTXHVWRVWXG\
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PDWHULDOVWKHILQLWHHOHPHQWWHFKQLTXHZDVDSSOLHGWRVLPXODWH
WKH FXWWLQJ SURFHVV RI FRPSRVLWHPDWHULDOV )RUHLJQ VFKRODUV
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XQLGLUHFWLRQDOFRPSRVLWHPDWHULDOWRRUWKRJRQDOFXWWLQJPRGHO
EDVHGRQILQLWHHOHPHQWWKHRU\7KHUHVXOWLQJRIFXWWLQJIRUFH
VLPXODWLRQ DQG H[SHULPHQWDO YDOXHV ZHUH FRPSDUHG SURYHQ
VLPXODWLRQ UHVXOWV DQG H[SHULPHQWDO UHVXOWV DUH VLPLODU
>@0DKGL HWF HVWDEOLVKHG D WZRGLPHQVLRQDO WKUHH
GLPHQVLRQDO ILQLWH HOHPHQW PRGHO RI FRPSRVLWH PDWHULDOV
FXWWLQJ ,W LV HTXLYDOHQW WR DQ LVRWURSLF PHWDO PDWHULDO
DQDO\]HV WKH UHODWLRQVKLSEHWZHHQ FXWWLQJ IRUFH DQG WKH ILEHU
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HWF HVWDEOLVKHG D ILQLWH HOHPHQW PRGHO RI WZRGLPHQVLRQDO
FXWWLQJ IRU ORQJ ILEHU FRPSRVLWH PDWHULDOV WKDW XVHG LQ
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DYLDWLRQLQFOXGLQJFDUERQILEHUFRPSRVLWHPDWHULDOVDQGJODVV
ILEHUFRPSRVLWHPDWHULDOV%\ILQLWHHOHPHQWFDOFXODWHDQDO\VLV
RIWKHLQIOXHQFHRIWKHILEHUGLUHFWLRQWRWKHD[LDOIRUFHDQGWKH
LPSDFWRQWKHPDFKLQLQJVXUIDFHTXDOLW\RISURFHVVLQJ>@
1RZ WKH NH\ UHVHDUFK GLUHFWLRQ IRU FRPSRVLWH PDWHULDOV
FXWWLQJ PHFKDQLVP LV VWLOO UHO\LQJ RQ H[SHULPHQWDO PHDQV
HVSHFLDOO\ FDUERQ ILEHU FRPSRVLWH PDWHULDOV $SSOLFDWLRQ RI
ILQLWH HOHPHQW WHFKQRORJ\ WR DQDO\VLV WKH FXWWLQJ IRUFH DQG
WRUTXH YDULDWLRQ GXULQJ FXWWLQJ VWLOO LQ WKH H[SORUDWRU\ VWDJH
+RZHYHU ILQLWH HOHPHQW VLPXODWLRQ WHFKQRORJ\ IRU
XQGHUVWDQGLQJ WKH SURFHVVLQJ PHFKDQLVP RI WKH FRPSRVLWH
PDWHULDOV DQG SURPRWH WKHLU HIILFLHQW KLJKTXDOLW\ KLJK
SUHFLVLRQ PDFKLQLQJ KDV IDUUHDFKLQJ VLJQLILFDQFH>@
7KHUHIRUH WKLV DUWLFOH IRFXVHV RQ ILQLWH HOHPHQW VLPXODWLRQ
DQDO\VLV DQG UHVHDUFK RI FXWWLQJ IRUFH IRU WKH FDUERQ ILEHU
FRPSRVLWHPDWHULDOV
&DUERQ ILEHU FRPSRVLWH PDWHULDOV PHFKDQLFDO
SURSHUWLHVDQDO\VLVRIGULOOLQJSURFHVV
'LVWULEXWLRQRIFXWWLQJIRUFHVGXULQJGULOOLQJSURFHVV
7KH GULOOLQJ RI FDUERQ ILEHU FRPSRVLWH PDWHULDO FXWWLQJ
IRUFH GLVWULEXWLRQ GLDJUDP LV VKRZQ LQ )LJ 2Q WKH PDLQ
FXWWLQJHGJHRIGULOOLQJELWZLWKGLIIHUHQWSRLQWVWKHUDNHDQJOH
LV FRQVWDQW FKDQJLQJ ZKLFK LV IURP SRVLWLYH WR QHJDWLYH
JUDGXDOO\ IURP WKHPRVW RXWVLGHSRLQW RIPDLQ FKLS HGJH WR
FKLVHO HGJH DQG RQ WKH FKLVHO HGJH QHJDWLYH UDNH DQJOH KDV
UHDFKHGWKHPD[LPXP
7KHOLQHVSHHGRIGULOOLQJELWDWFKLVHOHGJHLVORZWKHUHIRUH
LWFDQQRWGLUHFWO\SOD\DUROHLQFXWWLQJEXWPDLQO\UHO\LQJRQ
WKHFRPSUHVVLRQRIFDUERQILEHUFRPSRVLWHPDWHULDOVWRPDNH
GHIRUPDWLRQ ZKHQ WKH PDWHULDO GHIRUPDWLRQ UHDFKHV WKH
FRPSUHVVLYHVWUHQJWK OLPLWRIPDWHULDOV LWZLOOEHEURNHQDQG
VHSDUDWHG7KHUHIRUH WKHFKLVHOHGJHDQGQHJDWLYHUDNHDQJOH
VHFWLRQV FKLSV JHQHUDWHG LQ D PDQQHU DUH VLPLODU WR ILEHU
FRPPLQXWHGDQGLW LVGLIIHUHQWIURPWKHILEHUFXWWLQJW\SHRI
WKHSRVLWLYHUDNHDQJOHSDUW7KHIRUFHRIFKLVHOHGJHDQGWKH
PDLQ FXWWLQJ HGJH DW WKH QHJDWLYH UDNH DQJOH DFWLQJ RQ WKH
FDUERQ ILEHU FRPSRVLWH PDWHULDO FDQ FRQVLVW RI WKH WZR
GLUHFWLRQVIRUFHVRQHLV)YDORQJWKHFXWWLQJGLUHFWLRQIRUFH
DQRWKHULV)]D[LDOO\GRZQZDUGIRUFHGXHWR)YLVVPDOOVR
)]LVDPDMRUFRPSRQHQWZKLFKLVRQHRIWKHPDLQVRXUFHVRI
WKHD[LDOIRUFHDQGKDVDQHIIHFWRQWKHSURFHVVRIGRZQZDUG
SUHVVLQJIRUFHWRWKHZRUNSLHFHDQGLWLVDOVRRQHRIWKHPDLQ
UHDVRQVIRUFDXVLQJGHODPLQDWLRQWHDULQJGHIHFWV7KHSRVLWLYH
UDNH DQJOH SDUW RI WKH PDLQ FXWWLQJ HGJH LV WKH PDLQ
FRPSRQHQW RI UHPRYLQJPDWHULDO)] DFWV RQ WKHXSSHUSDUW
RI WKH ODPLQDWHG OD\HU QRW RQO\PDNLQJ SHHO LW XS EXW DOVR
RQHRIWKHPDLQUHDVRQVFDXVLQJGHODPLQDWLRQDQGWHDULQJ

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
 7KH VWUHVV DQG VWUDLQ DQDO\VLV LQ WKH SURFHVV RI GULOOLQJ
FRPSRVLWHPDWHULDOV
0DFKLQLQJ SURFHVV LV D SURFHVV RI HODVWLFSODVWLF
GHIRUPDWLRQ FRXSOLQJ DQG ZLWK ODUJH GHIRUPDWLRQ DQG ODUJH
VWUDLQ WKH OLQHDU UHODWLRQVKLSRIHODVWLFSODVWLFFDQQRWH[SODLQ
FRPSRVLWH PDWHULDO FXWWLQJ SURFHVV EHFDXVH WKH FRPSRVLWH
PDWHULDO LV FRPSRVHGRI UHLQIRUFHGSKDVH DQGPDWUL[ DW WKLV
SRLQW WKH UHOHYDQW FRQWHQW RI QRQOLQHDU ILQLWH HOHPHQW VKRXOG
EHFRQVLGHUHG LW LVGLIIHUHQW IURPWKHZD\RI WKH OLQHDU ILQLWH
HOHPHQWVWUHVVDQGVWUDLQ$LPHGDWFXWWLQJSURFHVVVLPXODWLRQ
RI FRPSRVLWH PDWHULDOV DOVR LQFOXGHG WKH VKRFN FROOLVLRQ
IRUPLQJ HWF WKH DQDO\VLV RI G\QDPLFSUREOHPVHODVWLFSODVWLF
VWUHVVVWUDLQ UHODWLRQVKLS PRGHO LV WKH PRVW FODVVLF PDWHULDO
QRQOLQHDU PHFKDQLFDO SUREOHPV LW KDV EHFRPH WKH
LQGLVSHQVDEOH PRGHO LQ ILQLWH HOHPHQW DQDO\VLV PDWHULDO
QRQOLQHDU SUREOHPV DQG QRZ WKLVPRGXOH LV XVHG LQ D ODUJH
QXPEHURIFRPSXWHUDLGHGV\VWHPVVRIWZDUH
7KHRU\RIHODVWLFLW\ZLWK UHVSHFW WR WKHSODVWLFLW\ WKHRU\ LV
UHODWLYHO\ VLPSOH EHFDXVH LW REH\ JHQHUDOL]HG +RRNH
V ODZ
VXFKDVHTXDWLRQ
(V H ZKHUHLQV  VWUHVV RI WKHPDWHULDO(  WKH HODVWLFPRGXOXVH VWUDLQYDOXHV
7KHFXWWLQJSURFHVVRIILQLWHHOHPHQWVLPXODWLRQ
7KHHVWDEOLVKPHQWRIWKHPDWHULDOFRQVWLWXWLYHPRGHO
)LQLWH (OHPHQW $QDO\VLV RI D QXPEHU RI DUHDV FXUUHQWO\
EHLQJ XVHG LQ HQJLQHHULQJ GHVLJQ DQG DQDO\VLV IURP FDU
PDQXIDFWXULQJ WR DHURVSDFH PDFKLQHU\ PDQXIDFWXULQJ DQG
SURFHVVLQJ DOPRVW DOO DUHDV DUH LQVHSDUDEOH IURP WKH ILQLWH
HOHPHQW WHFKQRORJ\3RSXODU ILQLWHHOHPHQW VRIWZDUH LQFOXGH
$16<6 $%$486 0$5& 'HIRUP' DQG WKH OLNH
'HIRUP'LVDVLPXODWLRQV\VWHPEDVHGRQLQGXVWU\UHOHYDQW
IRU WKH DQDO\VLV RI PHWDO IRUPLQJ DQG KHDW WUHDWPHQW
SURFHVVHV LQFOXGLQJ LPSRUWHG PRGHOV PHVKLQJ DGGLQJ
FRQVWUDLQWV SRVWSURFHVVLQJ VWHS )LQLWH (OHPHQW 6LPXODWLRQ
RIPDFKLQLQJLVDQH[WUHPHO\FRPSOH[SURFHVVQRWRQO\QHHG
WRKDYHNQRZOHGJHRIWKHWKHRU\RIILQLWHHOHPHQWEDVLVZKLOH
FORVHO\ UHODWHG WR WKH PHFKDQLFV LQ WKH DSSOLFDWLRQ RI
VLPXODWLRQ VRIWZDUH WR FRPELQH HODVWLF PHFKDQLFV
NQRZOHGJHRIIUDFWXUHPHFKDQLFVDQGSODVWLFPHFKDQLFV,QWKH
KHDWFRQGXFWLRQDQGWULERORJ\DLGDFKLHYHVLPXODWLRQ&DUERQ
ILEHU FRPSRVLWH PDWHULDO FXWWLQJ VLPXODWLRQ SURFHVV LV EDVHG
RQ WKH WKHRU\RIHODVWLFSODVWLFGHIRUPDWLRQRIPDWHULDOV WKLV
SDSHU ILQLWHHOHPHQWVLPXODWLRQVRIWZDUH'HIRUP'FRQGXFW
GULOOLQJSURFHVVVLPXODWLRQDQDO\VLVRIYDULDWLRQLQWKHGULOOLQJ
SURFHVVGULOOLQJIRUFHDQGWRUTXH
'XH WR WKH ILQLWH HOHPHQW VLPXODWLRQ VRIWZDUH'HIRUP'
SURYLGHG LQ WKHPDWHULDO OLEUDU\ GRHV QRW LQFOXGH WKH FDUERQ
ILEHUFRPSRVLWHPDWHULDOPRGHOVLWLVQHFHVVDU\WRHVWDEOLVKD
QHZ PDWHULDO PRGHO WKHQ WKH QHHG IRU PHFKDQLFDO DQG
SK\VLFDO SURSHUWLHV RI WKH PDWHULDOUHODWHG SDUDPHWHUV 7KH
FRQVWLWXWLYH PRGHO RI PHWDOOLF PDWHULDOV LQFOXGH <RXQJ
V
PRGXOXV 3RLVVRQ
V UDWLR WKHUPDO H[SDQVLRQ FRHIILFLHQW
WKHUPDOFRQGXFWLYLW\KHDWFDSDFLW\UDGLDWLRQDQGWKHOLNH)RU
VSHFLDO VWUXFWXUH RI FDUERQ ILEHU FRPSRVLWHV DQG WUDGLWLRQDO
PHWDO PDWHULDOV GLIIHUHQW LW LV GLIILFXOW WR GHWHUPLQH WKH
FRQVWLWXWLYHUHODWLRQ$FFRUGLQJWRDIHDWXUHIORZVWUHVVVWUDLQ
FXUYH FKRRVH HPSLULFDO IRUPXOD DV DQ HIIHFWLYH PHDQV RI
EXLOGLQJDFDUERQILEHUFRPSRVLWHPDWHULDOFRQVWLWXWLYHPRGHO
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WKH DSSOLFDWLRQ 'HIRUP' VRIWZDUH SURYLGHV FXUYH ILWWLQJ
WHFKQLTXHVVHOHFWHTXDWLRQIRUPXODDVIROORZV
   7V H H 
$FFRUGLQJWRWKHIORZVWUHVVRIWKHFULWHULRQRQIORZVWUHVV
WDE WR LQSXW D VHULHV RI VWUHVV DQG VWUDLQ GDWD SDUDPHWHUV RI
FDUERQILEHUFRPSRVLWHPDWHULDOVDVDUHVXOWRIWKHWHVWVZHUH
FRQGXFWHG DW URRP WHPSHUDWXUH ZLWKRXW FRQVLGHULQJ WKH
LQIOXHQFH RI WHPSHUDWXUH VR FKRRVH 5RVVHUG FRQVWLWXWLYH
HTXDWLRQPRGHOVXFKDVWKHIRUPXODEHORZ

Q P
&V H H 
,Q 5RVVHUG PRGHO HTXDWLRQV RI & Q P LV D PDWHULDO
FRQVWDQW WKLV PRGHO LV DSSOLFDEOH WR PHWDO SODVWLF
GHIRUPDWLRQ WHPSHUDWXUH LV XQGHU URRP WHPSHUDWXUH RU
PHWDOOLF UHFU\VWDOOL]DWLRQ WHPSHUDWXUH EDVHG RQ WKH GDWD RI
FXUYH ILWWLQJ DQG FKRRVH WKH DSSURSULDWH HTXDWLRQ FDQ JHW
PDWHULDO FRQVWLWXWLYH HTXDWLRQ WKH UHVXOWLQJ HTXDWLRQ DV WKH
IRUPXODDVIROORZV
 
V H H

 
,QSXW PDWHULDO <RXQJ
V PRGXOXV 3RLVVRQ
V UDWLR WKHUPDO
H[SDQVLRQFRHIILFLHQWWKHUPDOFRQGXFWLYLW\KHDWFDSDFLW\DQG
RWKHU SDUDPHWHUV VDYH WKH PDWHULDO PRGHO WR WKH PDWHULDO
OLEUDU\ VR IDU WKH FDUERQ ILEHU FRPSRVLWH PDWHULDO ILQLWH
HOHPHQWPRGHOLVVHWXS>@
7KHHVWDEOLVKPHQWRIWKHFXWWHUDQGZRUNSLHFHPRGHO
)LUVWGHWHUPLQHWKHEDVLFSDUDPHWHUVRIWKHFXWWLQJSURFHVV
FRQWURO VHOHFW WKH W\SHRIGULOOLQJSURFHVV VHW WKHXQLW WR6,
WKHGHILQLWLRQRIFXWWLQJSDUDPHWHUVVSLQGOHVSHHGUPLQ
IHHG UDWH PP  PLQ VHW WKH ZRUNLQJ HQYLURQPHQW DQG
FXWWLQJ VXUIDFH SHUIRUPDQFH SDUDPHWHUV GHILQH WKH
HQYLURQPHQW WHPSHUDWXUH LVR& WKH VKHDU IULFWLRQ IDFWRU RI
 WKH KHDW WUDQVIHU FRHIILFLHQW RI :0. LQ WKLV
VLPXODWLRQSURFHVVPRGHOKDVWZRSDUWVRQHIRUWKHPRGHOLQJ
RI WKH GULOO ELW WKH RWKHU LV WKH ZRUNSLHFHPRGHOLQJ'HILQH
GULOO PDLQ JHRPHWULF SDUDPHWHUV WKH KROH GLDPHWHU RI
PP FXWWLQJ WRRO PDWHULDO IRU GLDPRQG WKUHH
GLPHQVLRQDO PRGHO RI WKH HVWDEOLVKHG 3&' GULOO VKRZQ LQ
)LJ


)LJ7KUHHGLPHQVLRQDOPRGHORIWKH3&'GULOO



)LJ7KUHHGLPHQVLRQDOPRGHORIWKHZRUNSLHFHDQGWRRO

7KHQGHILQHWKHZRUNSLHFHPDWHULDOGXHWRWKHGULOOLQJLVD
YHU\ FRPSOH[ SURFHVV ILQLWH HOHPHQW WHFKQLTXH WR VLPXODWH
GULOOLQJ SURFHVV LV DFFRPSDQLHG E\ KXJH DPRXQW RI
FDOFXODWLRQ LQ RUGHU WR PDNH WKH FDOFXODWLRQ VLPSOH DQG
FRQYHQLHQW SURFHVV WKHGLIILFXOW\RI WKHSUREOHP LV UHGXFHG
RQWKHSUHPLVHRIPHHWWKHUHTXLUHPHQWVRIFXWWLQJVLPXODWLRQ
WKHVL]HRIWKHHVWDEOLVKHGZRUNSLHFHPRGHOVKRXOGEHUHGXFHG
DVPXFKDVSRVVLEOH([SHULPHQWVZLWKFDUERQILEHUFRPSRVLWH
PDWHULDO VKHHW LQ 'HIRUP' FDQ EH FUHDWHG JHRPHWU\ WKH
GLDPHWHU RI WKH ZRUNSLHFH LV PP WKLFNQHVV PP WKH
ZRUNSLHFH PDWHULDO W\SH LV SODVWLF VKRZQ LQ )LJ IRU WKH
ZRUNSLHFHDQGWRROWKHWKUHHGLPHQVLRQDOGULOOLQJPRGHO
7KHILQLWHHOHPHQWPHVK
0HVKLQJ LV D YHU\ LPSRUWDQW VWHS LQ WKH SURFHVV RI
HVWDEOLVKLQJWKHILQLWHHOHPHQWPRGHOWKHPHVKLQWKHIRUPRI
D GLUHFW LPSDFW RQ WKH DPRXQW RI FDOFXODWLRQ DQG FDOFXODWLRQ
DFFXUDF\ ZLWK WKH LQFUHDVH RI WKH PHVK QXPEHU WKH KLJKHU
WKHFDOFXODWLRQSUHFLVLRQDQG WKH ORQJHU WKHFDOFXODWLRQ WLPH
WKHUHIRUHWKHQXPEHURIWKHJULGFDQEHGHILQHGE\DPHDVXUH
RIWKHVHWZRUHTXLUHPHQWV
)RUFDUERQILEHUFRPSRVLWHPDWHULDOSODWHPHVKLQJWKHJULG
W\SHVHOHFWLRQLVDEVROXWHO\JULGGHQVLW\WKHVPDOOHVWFHOOVL]H
LV GHWHUPLQHG E\ WKH IHHG WKH PLQLPXP XQLW VL]H XVLQJ
PP)RUWKRVHZKRKDYHQRWGHWDLOHGUHTXLUHPHQWVRIWKH
ZRUNSLHFHWKHVL]HRIWKHFRHIILFLHQWFDQEHVHWWRDPD[LPXP
HOHPHQW VL]H )RU FXWWLQJ VLPXODWLRQ FDUERQ ILEHU FRPSRVLWH
PDWHULDOGLPHQVLRQVFDOHVL]HFKRRVHWKHVL]HRIWKHODUJH
SURSRUWLRQPD\UHVXOWLQWKHVLPXODWLRQUXQWLPHVLJQLILFDQWO\
LQFUHDVH WKH WLPH QHHGHG IRU JULG JHQHUDWLRQ 7KH WRRO DV D
ULJLGERG\DOZD\VPDLQWDLQFRQWDFWGHIRUPDWLRQJHRPHWU\RI
FDOFXODWLRQ JULG LV PDLQO\ XVHG IRU WKH FDOFXODWLRQ RI
WHPSHUDWXUH 6HW WKH QXPEHU RI JULG W\SH ZRUNSLHFHV DQG
HOHPHQW LV VHW WR$VVKRZQLQ)LJIRUZRUNSLHFHRI
ILQLWH HOHPHQWPHVKPRGHO DQG VKRZQ LQ )LJ IRU WKH 3&'
FXWWLQJWRRORIILQLWHHOHPHQWPHVKPRGHO


)LJ)LQLWHHOHPHQWPRGHOPHVKRIZRUNSLHFH

 

)LJ)LQLWHHOHPHQWPHVKPRGHORI3&'FXWWLQJWRRO

'HILQHWKHDQDO\VLVVWHSVDQGERXQGDU\FRQGLWLRQV
)RU VLPXODWLRQRI WKHSURFHVVRI GULOOLQJ VHW LWV HDFK WLPH
VWHS LV DERXW  GHJUHH URWDWLRQ DSSUR[LPDWH HVWLPDWH HYHU\
WXUQDERXWVWHSV WKHVSLQGOHVSHHG LVUPLQ WKHQ
WXUQ WR DERXW  RI D VHFRQG  HYHU\ 
VHFRQGVVWHSLVJLYHQWLPHVWHSVRVHW WKHVWHSVWRGHILQHWKH
FRQVWDQW WLPH LQFUHPHQW RI RSHUDWLRQ VSHFLI\ D YDOXH RI
VHFRQGV
)URPWKHERWWRPRIWKHZRUNSLHFHWRWKHWRSRIWKHGULOOELW
LV DURXQG  PP ZH FDQ DVVXPH WKDW WKH GULOO FRPSOHWHO\
WKURXJKWKHZRUNSLHFHUHTXLUHVD[LDOPRYHPHQWDORQJDWOHDVW
112   Mingyang Wu et al. /  Procedia CIRP  56 ( 2016 )  109 – 114 
PPVSHHGRIPPV WKLVPHDQV WKDWFRPSOHWHO\GULOOHG
WKURXJKWKHZRUNSLHFHQHHGWRRIDVHFRQGRUVWHSV
HQWHUDVWKHVLPXODWLRQVWHSVWKHVWHSVDUHHVWLPDWHVZLOO
EH FDOFXODWHG 'XH WR WKH JULG DQG WKH DXWRPDWLF WLPH VWHS
FRQWUROWKHDFWXDOQXPEHUPD\EHPRUH'HIRUP'VRIWZDUH
ZLOO EH DGMXVWHG DXWRPDWLFDOO\ DQG \RX FDQ GHILQH VWRS
FRQWURO FRPPDQG :KHQ WKH GULOO ELW LQ WKH SURFHVVLQJ
GLUHFWLRQ PRYHPHQW UHDFKHV  PP GHILQHG VWRS FRQWURO
LQVSHFWLRQ GDWD FRPPDQG LI WKHUH DUH QR RWKHU HUURUV RU
ZDUQLQJV GDWDEDVH FDQ EH JHQHUDWHG DIWHU WKH GDWDEDVH WR
JHQHUDWH ZLWKGUDZ IURP WKH GDWDEDVH WR JHQHUDWH DQG
SUHSURFHVVRU
'HILQHG ERXQGDU\ FRQGLWLRQ WKH HQYLURQPHQW WHPSHUDWXUH
LV VHWXSIRUWKHFRQVWDQWFRHIILFLHQWRIIULFWLRQKHDW
WUDQVIHU FRHIILFLHQW LV  DQG FRQYHFWLYH KHDW WUDQVIHU
FRHIILFLHQWLV1VHFPPFDQGWKHIULFWLRQPRGHLVVKHDU
IULFWLRQ
7KHUHVXOWVRIVLPXODWLRQDQDO\VLV
7KH GULOOLQJ SURFHVV VLPXODWLRQ LV D KLJKO\ QRQOLQHDU
QXPHULFDOFDOFXODWLRQSUREOHPZKLFKGHILQHGE\WKHHOHPHQW
LQ WKH VLPXODWLRQ KDV WKH VWULFW UHTXHVW 8VH RI OLPLWHG
FRPSXWLQJ HQYLURQPHQW DQG ODUJHU IHHG UDWH DQG PHHW WKH
UHTXLUHPHQWV RI WKHPHVKGHQVLW\ WKLVZLOO FDXVH WKH FXWWLQJ
IRUFH DQG GUDVWLF IOXFWXDWLRQV 7KH PDLQ IDFWRUV LQIOXHQFLQJ
WKHFDUERQILEHUFRPSRVLWHPDWHULDOVSURFHVVLQJLVWKHVL]HRI
WKH FXWWLQJ IRUFH LV RQH RI WKH PDLQ IDFWRUV LQIOXHQFLQJ WKH
D[LDOIRUFHWKHZRUNSLHFHLQWKHSURFHVVRIKLJKVSHHGGULOOLQJ
WKHFXWWLQJ IRUFH LQ WKHGLUHFWLRQRI;<YDOXH DV VKRZQ LQ
)LJIRUWKHVLPXODWLRQYDOXHVFDQDSSUR[LPDWHWR]HUR

DWKHVLPXODWLRQYDOXHRI;GLUHFWLRQRIWKHIRUFH






EWKHVLPXODWLRQYDOXHRI;GLUHFWLRQRIWKHIRUFH

)LJ7KHVLPXODWLRQYDOXHRI;<GLUHFWLRQRIWKHIRUFH
%HIRUH WKH GULOO FRPSOHWHO\ WKURXJK WKH FDUERQ ILEHU
FRPSRVLWHSDQHOVXVLQJWKHILQLWHHOHPHQWDQDO\VLVVRIWZDUHWR
VLPXODWH WKH = WR WKH FKDQJH UHJXODULW\ RI GULOOLQJ IRUFH DQG
WRUTXH DV VKRZQ LQ )LJ WKH GULOOLQJ FXUYH FDQ EH GLYLGHG
LQWR WKH IROORZLQJ VHYHUDO VWDJHV ,Q WKH LQLWLDO VWDJH WKH
FXWWLQJ WRRO DQG ZRUNSLHFH FRQWDFW EHFDXVH RI LWV KLJK
IHHGLQJYDOXHWKHFRQWDFWEHWZHHQGULOODQGWKHZRUNSLHFHKDV
MXVW EHJXQ PDWHULDO KDV QRW EHHQ UHPRYHG WKH ZRUNSLHFH
FDXVHGVHYHUHLPSDFWRQGULOOLQJWRROLQWKHHDUO\GULOOLQJIRUFH
LVODUJHDQGUDSLGJURZWKLQWKHLQLWLDOVWDJHRID[LDOIRUFHRI
FXWWLQJSURFHVVLVOLQHDUJURZWKWUHQG,QWKHVHFRQGVWDJHWKH
GULOOEHJDQFXWWLQJZRUNSLHFHGULOOLQJIRUFHEHJDQ WRGHFOLQH
DIWHUDVKRUWJHQWOHFXUYHXSZDUGWUHQGWKHQHQWHUHGDVWDJHRI
VWDEOHFXWWLQJWKHUDWHRIFKDQJHRIWKHD[LDOIRUFHLVUHODWLYHO\
VWDEOHGXH WR WKHGDPDJHRIFDUERQILEHUFRPSRVLWHPDWHULDO
FKLS IRUPDWLRQ DW WKLV WLPH WKH YDOXH RI WKH D[LDO IRUFH LQ
VPDOOHU VFRSHFKDQJH LQDGGLWLRQGXH WR WKHSDUWLFXODULW\RI
WKH VWUXFWXUH RI WKH FDUERQ ILEHU FRPSRVLWH PDWHULDOV WKH
PDWHULDO RI ILEHU FRQWHQW LV ODUJH DQG VPDOO YROXPH
FKDUDFWHULVWLFV RI WKH PDWHULDO LV QRQOLQHDU OHDG LQ FRQWDFW
GXULQJGULOOLQJEHWZHHQWKHGULOODQGWKHZRUNSLHFHPDWHULDOLV
GLVFRQWLQXRXVFDQDOVROHDGWRWKHIOXFWXDWLRQRIFXWWLQJIRUFH
,QILQDOVWDJHZLWKVWDEOHSKDVHRIWKHGULOOLQJSURFHVVFXUYH
LVPLOGEXWSHUVLVWHQWYRODWLOLW\DFFRPSDQLHGE\DELWGHHSHU
WKH VWUDLQ UDWH KDV FKDQJHG D ORW LQ WKH SURFHVV RI
GULOOLQJZKHQ FXWWLQJ WRRO LV HQWLUHO\ WKURXJK WKH ZRUNSLHFH
UHDFKHG WKH PD[LPXP QXPEHU RI FXWWLQJ IRUFH WKH FXUYH
IOXFWXDWHVJUHDWO\

DWRUTXHVLPXODWLRQYDOXH


ED[LDOIRUFHVLPXODWLRQYDOXH
)LJ7KHFXUYHVRIWRUTXHDQGD[LDOIRUFHVLPXODWLRQYDOXHV
'XH WR WKH VPDOOGULOOGLDPHWHU ODUJHU IHHGLQJDQG LQWHQVH
YLEUDWLRQ LQ WKH SURFHVV RI VLPXODWLRQ $0*
WHFKQRORJ\DGDSWLYHPHVKJHQHUDWLRQWHFKQRORJ\LVDOVRWKH
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FXUYH IOXFWXDWLRQV 7KH DYHUDJH FXWWLQJ IRUFH VLPXODWLRQ
$YHVLPLV1
'ULOOLQJIRUFHH[SHULPHQW
'ULOOLQJH[SHULPHQWDOGHVLJQ
$V VKRZQ LQ )LJ IRU WKH GHVLJQ RI KLJK VSHHG GULOOLQJ
H[SHULPHQWV\VWHPZKLFKFRQVLVWVRIWZRSDUWVPDFKLQHWRRO
SDUWV DQG D[LDO IRUFHPHDVXULQJ V\VWHPXQGHU WKH V\VWHPRI
GULOOLQJ FDUERQ ILEHU FRPSRVLWH PDWHULDOV 0DFKLQH WRRO
VHOHFWLRQ WULD[LDO OLQNDJH&1&PLOOLQJPDFKLQH9'/  
($[LDOIRUFHPHDVXULQJV\VWHPLVPDLQO\FRPSRVHGRIIRXU
SDUWV WKHG\QDPRPHWHU3&$'VLJQDODFTXLVLWLRQFDUGDQG
FKDUJH DPSOLILHU .LVWOHU G\QDPRPHWHU XVLQJ WKH 6ZHGLVK
FRPSDQ\
V%

)LJ'ULOOLQJIRUFHPHDVXULQJH[SHULPHQWV\VWHP
:LWK WKH G\QDPRPHWHU LV IL[HG LQ &1& PDFKLQH WDEOH
FDUERQ ILEHU FRPSRVLWH PDWHULDO SODWH E\ SODWH IL[HG RQ WKH
ORDG PHWHU G\QDPRPHWHU DW ZRUN ZLOO EH SURGXFHG LQ WKH
SURFHVV RI GULOOLQJ D[LDO IRUFH LV FRQYHUWHG LQWR HOHFWULFDO
VLJQDOYDOXHVRIWKHVDPHVL]HLWDJDLQLQWRQXPHULFDOVLJQDOV
WR D FRPSXWHU E\ WKH FRUUHVSRQGLQJ FRPSXWHU VRIWZDUH WR
UHFRUG DQG DQDO\]H SURFHVV GDWD $V VKRZQ LQ )LJ IRU
H[SHULPHQWV XVLQJ PDFKLQH WRRO DQG DV VKRZQ LQ )LJ IRU
KLJKVSHHGGULOOLQJH[SHULPHQWZRUNEHQFK7KHH[SHULPHQWDO
SDUDPHWHUVRIWKHVSLQGOHVSHHGRIUPLQWKHIHHGUDWHRI
PPPLQ


)LJ([SHULPHQWVXVLQJPDFKLQHWRRO
 

)LJ+LJKVSHHGGULOOLQJH[SHULPHQWZRUNEHQFK

([SHULPHQWVXVLQJWKHFXWWLQJWRROVIRU6HFRFRPSDQ\PP
3&'GULOO VKRZQ LQ )LJ([SHULPHQWV XVLQJ+DIHL DLUFUDIW
PDWHULDO 7 DV VKRZQ LQ )LJ GXH WR WKH GLIIHUHQW
PDWHULDO OD\HU DQG VXEVWUDWH PDWHULDOV FRPSRVLWH PDWHULDO
JUHDWHU GLIIHUHQFHV EHWZHHQ WKH SK\VLFDO SURSHUWLHV DQG
SURFHVVLQJSURSHUWLHV

)LJ([SHULPHQWVXVLQJNQLYHV


)LJ&DUERQILEHUFRPSRVLWHSDQHOV
'ULOOLQJIRUFHPHDVXULQJUHVXOWV
:LWKPP3&'GULOOELWGULOOLQJRI&)53H[SHULPHQWZDV
FDUULHGRXWGULOOLQJIRUFHWHVWUHVXOWVDVVKRZQLQ)LJ;<
GLUHFWLRQ FXWWLQJ IRUFH FDQ DSSUR[LPDWH WKH DFWXDO PHDVXUHG
YDOXHLV]HUR



DWKHH[SHULPHQWDOYDOXHRI;GLUHFWLRQRIWKHIRUFH


EWKHH[SHULPHQWDOYDOXHRI<GLUHFWLRQRIWKHIRUFH

)LJ7KHH[SHULPHQWDOYDOXHRI;<GLUHFWLRQRIWKHIRUFH

 

)LJ7KHFXUYHVRID[LDOIRUFHH[SHULPHQWDOYDOXH

$V VKRZQ LQ ILJXUH  IRU WKH H[SHULPHQW PHDVXUHG WKH
DYHUDJH D[LDO IRUFH IRU $YHH[S  1 WKH VLPXODWLRQ
YDOXHFRPSDUHGZLWKWKHH[SHULPHQWDOYDOXHRIHUURULV
ZKLFKFDQYHULI\ WKHFRUUHFWQHVVRI WKH ILQLWHHOHPHQWPRGHO
RIFDUERQ ILEHUFRPSRVLWHPDWHULDO FXWWLQJGXH WRFRPSXWHUV
DQGRWKHUKDUGZDUH OLPLWDWLRQVPLJKWKDYHDQ LPSDFWRQ WKH
ILQDO VLPXODWLRQ UHVXOWV &RPSDULQJ WKH H[SHULPHQWDO DQG
VLPXODWLRQ UHVXOWV WKH VLPXODWLRQ UHVXOWV FDQ EH VHHQ LQ OLQH
ZLWKWKHDFWXDOWHVWGDWD
&RQFOXVLRQV
7R VWXG\ WKH YDULDWLRQ RI WKH FDUERQ ILEHU FRPSRVLWH
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PDWHULDO SURFHVVLQJ FXWWLQJ IRUFH E\  XVLQJ 'HIRUP'
VRIWZDUH WR VLPXODWH WKH FDUERQ ILEHU FRPSRVLWH PDWHULDO RI
WKH GULOOLQJ SURFHVV DQG H[SHULPHQWDO YHULILFDWLRQ WKH
UHVXOWLQJFRQFOXVLRQVDUHDVIROORZV
 7KH DQDO\VLV RI WKH GULOOLQJ FXWWLQJ IRUFH GLVWULEXWLRQ
GHWHUPLQHWKHILQLWHHOHPHQWPRGHODQGWKHFRQVWLWXWLYHPRGHO
RI WKH FDUERQ ILEHU FRPSRVLWHPDWHULDO WKH GHILQLWLRQ RI WKH
DQDO\VLV VWHSV DQG ERXQGDU\ FRQGLWLRQV WR VLPXODWH WKH
G\QDPLFGULOOLQJSURFHVV
 ,Q WKHVSLQGOHVSHHG LVUSPDQGIHHGVSHHG LV
PPPLQFRQGLWLRQVJHWWKH3&'GULOOELWVLPXODWLRQRIFXWWLQJ
IRUFH DQG WRUTXH YDOXHV DQDO\VLV RI WKH FKDQJHV WR WKH =
GULOOLQJIRUFHRIODZ
 0DNH WKH GULOOLQJ H[SHULPHQWV WR REWDLQ FRPSDUDWLYH
H[SHULPHQWDO DQG VLPXODWLRQ HUURU YDOXH LV  ZKLFK FDQ
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